Detailed investigations on the filamentary structures associated with the type-I edge-localized modes (ELMs) should be helpful for protecting the materials of a plasma-facing wall on a future large device. Related experiments have been carefully conducted in the Experimental Advanced Superconducting Tokamak (EAST) using combined Langmuir-magnetic probes. The experimental results indicate that the radially outward velocity of type-I ELMy filaments can be up to 1.7 km s −1 in the far scrape-off layer (SOL) region. It is remarkable that the electron temperature of these filaments is detected to be ∼50 eV, corresponding to a fraction of 1/6 to the temperature near the pedestal top, while the density 3 10 m 19 3´-( ) of these filaments could be approximate to the line-averaged density. In addition, associated magnetic fluctuations have been clearly observed at the same time, which show good agreement with the density perturbations. A localized current on the order of ∼100 kA could be estimated within the filaments.
Introduction
Edge-localized modes (ELMs), which are generally considered as magnetohydrodynamic (MHD) instabilities driven by the large pressure gradient and resulting bootstrap current [1] in the pedestal region, have been widely observed in highconfinement (H-mode) operation of tokamaks. Different types of ELMs have been well identified based on the experimental results of multi-machines [2] , including type-I, type-III ELMs and so on. ELM burst could avoid impurity accumulation in the tokamak core. However, large ELMs such as type-I ELMs usually lead to significant loss of particle and energy from plasma edge to the scrape-off layer (SOL) and cause great damages to the materials of the divertor and plasma-facing wall [3] .
Filamentary structures ejected from the pedestal region usually appear during ELM burst and can carry parts of ELMinduced energy and particle loss. So far, these filaments have been widely investigated using various kinds of diagnostics, such as a high-speed visible imaging system [4] , electron cyclotron emission imaging (ECEI) [5] , gas puff imaging (GPI) [6] , beam emission spectroscopy (BES) [7] , fast infrared (IR) thermography system [8] [9] [10] and Langmuir probes [11] [12] [13] [14] . Compared with other diagnostics, Langmuir probes show great advantages in directly providing the local measurements of several key parameters within filaments at the same time, including the velocity, density and temperature perturbations.
A previous study [12] on the JET tokamak has demonstrated that the radial velocity of type-I ELMy filaments can be significantly larger than those of type-III ELMy filaments, implying that type-I ELMy filaments could directly reach the plasma-facing wall with a reasonably high energy. On the other hand, type-I ELMy H-mode has been considered as a standard scenario for ITER operation [15, 16] . Note that the energy released from the pedestal region to the plasma-facing wall has been one of the major concerns for ITER type-I ELMy H-mode operation [3] . Consequently, for better protecting the materials of the plasma-facing wall, detailed measurements of type-I ELMy filaments are essential and the fundamental characters of these filaments need to be carefully investigated. In addition, these studies should contribute to the application of ion cyclotron resonance heating (ICRH) on future large tokamaks considering that filaments could influence ICRH operation by arcing and large short-time density perturbations [17] .
Characters of type-III ELMy filaments have been well investigated in the Experimental Advanced Superconducting Tokamak (EAST) by Langmuir probes [13, 18] . In order to simultaneously measure the electrostatic and electromagnetic features of type-I ELMy filaments, a combined Langmuirmagnetic probe system has been applied on EAST and the experimental observations will be given below. The rest of this paper is organized as follows: the next section briefly describes the combined Langmuir-magnetic probe array on EAST. The experimental results are presented in section 3, including the temperature, density, radial velocity, and the magnetic fluctuations of measured filaments. A discussion on the evolution of parallel flow during ELM burst is given in section 4. Finally, our summary is presented in section 5.
Experimental setup
EAST is a fully superconducting tokamak device with advanced divertor configuration and a similar heating scheme to ITER [19] . A fast reciprocating Langmuir probe (RLP) system has been installed in the outer midplane of EAST [20] and is successfully used in subsequent studies [21] [22] [23] . The system can scan a radial distance of 50 cm at a speed up to 2 m s −1 . Figure 1 shows the schematic of the combined Langmuir-magnetic probe head mounted on the RLP system for this experiment. A 4-tip probe array together with a pair of Mach probes is located at the front layer. Two of the 4-tip probes both measure the floating potential V f with a poloidal separation L 6 mm. p = Another two measure the positively biased potential V + and the ion saturation current I , s respectively. Two Mach probes, M 1 and M , 2 are located on each side of the 4-tip array along the magnetic field. All tips are made of graphite with a diameter of 2.4 mm. A triple-axis magnetic sensor 7 7 7 mm , 3( ) which can measure the time derivative of the three components of the magnetic field, is located 12 mm behind the front side. The signals of this probe system have been sampled at a rate of 2 MHz.
Experimental results

Measured type-I ELMy H-mode on EAST
The first ELMy H-mode operation of EAST was achieved in the 2010 campaign with 1 MW lower hybrid wave power [24] . Characters of achieved ELMs on EAST have been briefly introduced in recent studies [25] . Figure 2 shows a successfully measured type-I H-mode discharge on EAST with I 0. head was arranged to dwell in the far SOL with a radial distance of r R R d 3 c m .
probe sep = -~As shown in figure 2(a), I s measured by the RLP system shows good agreement with the ion saturation current on the outer divertor probe, I _ .
s DIV In addition, significant reduction on the electron temperature, which was detected by an electron cyclotron emission (ECE) system, has been observed near the pedestal top 0.85 , r( ) i.e., T T 13%, e e D~as shown in figure 2(b).
Time evolution of the filaments
Analysis on the time evolution of filaments could contribute to roughly evaluating their temporal and spatial characters. Figure 3 illustrates the measured filaments during the first ELM burst, as indicated by shadowed area in figure 2(a). It is generally accepted in probe measurements that a large spiking structure in I s corresponding to an interaction between individual filaments and the probe tips [11] [12] [13] [14] , which has been demonstrated by IR-thermography measurements on ASDEX Upgrade tokamak [10] and camera images on MAST tokamak [26] . As shown in figure 3 , the total time for the filament burst as detected by the probes is about 1500 μs. During this period, more than 12 filaments can be observed and the interval waiting time between filaments is 50-200 μs. Note that the duration for these filaments, , t d is approximately 30-80 μs, which can be considered as a lower estimate for the filament lifetime. Moreover, compared with the 6-12 μs duration of type-III ELMy filaments in the far SOL of EAST [18] , the t d for type-I ELMy filaments is averagely 7 times higher, implying a significantly larger spatial scale, especially when considering that the type-I ELMy filaments are observed to propagate faster than type-III ELMy filaments [12] .
Electron temperature and density
The electron temperature of filaments can be estimated as » ( ) (assuming T e =T i ). As shown in figure 4 , evident increase in the background level of electron temperature and density is =´-implying that these filaments could originate from an area near the pedestal top or further inside. However, the electron temperature of the filaments T e ∼50 eV is only a fraction of 1/6 to the temperature near the pedestal top (∼300 eV, shown in figure 2) , indicating that the heat is transported radially less efficiently than particles. Similar observations have been reported in the studies of type-I ELMy filaments on the ASDEX Upgrade [28] and DIII-D [7] tokamak. It is notable that a 'free-streaming' model [29] has been developed to explain this phenomenon.
Radial E×B velocity
The radial velocities of filaments have been carefully investigated on a number of tokamaks considering that their energy deposited on the plasma-facing wall is mainly determined by the competition between parallel and radial transport in the SOL. The radial velocities of the filaments measured by probes can be estimated as v IE IB r s s t » á ñ q˜ [ 12] , where E q is usually calculated by E V V L . [29] . A weak convection can be observed combined with a mainly outward radial flux. Compared with the averaged velocities of type-III ELMy filaments in EAST [18] , those of type-I ELMy filaments are evidently larger, i.e. 1 km s −1 vs. 0.5 km s −1 . In addition, the radial extension of these filaments r d are estimated to be on the scale of centimeter, which is derived from the duration and the radial velocity using v t r r d d = [7, 30] .
Magnetic fluctuations
Magnetic activities associated with ELM burst usually occur. Figure 6 shows the strong magnetic fluctuations detected by the magnetic sensor during the type-I ELM burst. Here, a good agreement between the fluctuations of poloidal magnetic field B p and perturbations of electron density n e can be observed, indicating that these magnetic fluctuations are induced by individual filaments. The degree of polarization (DOP) analysis [31] has also been introduced to clarify the polarization state of these magnetic fluctuations. A high DOP implies that the electromagnetic induction source of these magnetic fluctuations is a propagation mode rather than a localized event. Specifically speaking, DOP is estimated from the cross-spectral density matrix
where x and y represent the radial/poloidal directions and the angle brackets denote ensemble average [13] . As shown in figure 6(c) , an evident drop in the DOP is observed during the filament burst, confirming the hypothesis that filaments carry certain localized current. Note that, different from n e perturbations, B p fluctuations gradually decrease as filaments pass the probes, which still needs to be further studied in future statistics analysis.
The hodograph of B p and radial magnetic field B r associated with the filaments is presented in figure 7 . The measurements before filaments arrive are also illustrated for comparison. It is difficult to decide whether the current within the filaments is monopolar, bipolar or even composite from our measurements, except for the observations that the hodograph seems like a highly skewed ellipse. Similar results have been observed in recent studies [14] . The significant change in the direction of B r indicates that filaments have swept across the probes in the radial direction, implying that v r is at least comparable with the poloidal velocity v .
p In other words, a relatively large poloidal width could be estimated from the nearly unchanged direction of B p . In addition, filaments are generally considered to mainly extend in the toroidal direction and localize in the poloidal and radial direction. As a result, according to Ampere's circuital theorem, a total current on the order of ∼100 A can be estimated, assuming a reasonable distance of ∼4 cm from the current center to the magnetic sensor. could be estimated for the filaments. Due to the absence of edge velocity measurement for these discharges, the direct comparison between the toroidal velocity of pedestal plasma and the estimated v  is not available here, which will be conducted in future experiments.
Summary and conclusions
For the first time in EAST, the electrostatic and electromagnetic characters of type-I ELMy filaments have been carefully investigated using a combined Langmuir-magnetic probe system. More than 12 filaments have been measured with duration of 30 80 s.
The electron density of these filaments is observed to be comparable with the line-averaged density, while the electron temperature is significantly smaller than the temperature near the pedestal top, implying a stronger convection for particles than for heat. A radial velocity up to 1.7 km s −1 has been detected with the order of v C 0.01. r s~C lear magnetic fluctuations induced by these filaments correspond well to the density perturbations, and a localized current of ∼100 kA can be estimated. In addition, an evident increase in the Mach numbers have been observed during type-I ELMy burst. The observations here should contribute to understanding the transport of type-I ELMy filaments in the SOL and evaluating their potential impacts on the plasma-facing wall materials. Moreover, together with multi-machine database [33] , characters of type-I ELMy filaments could be approached to scaling for future large devices. 
